Abstract-The progression of micro-fractures in carbon fiber reinforced composite (CFRP) plates subjected to cryogenic thermal shock was studied by acoustic emission (AE). Thermal shocks were given by putting liquefied nitrogen into a cell mounted on the upper surface of the specimens with different matrix resins. No damage was observed in the specimen with heat-resistant resin, while three hundred AE counts were detected in the specimen with conventional resin, in which many matrix cracks were observed from the small temperature differences in the wall. AE signals were classified into three fractures types, namely, delaminations and matrix and transverse cracks, by waveform characterization. Here, the three AE signal types were simulated by adiabatic thermal expansion with a pulse laser. The numbers of all three types of AE signals linearly increased with time. AEs from the matrix cracks were more frequent than those from delaminations and transverse cracks.
INTRODUCTION
Reducing the weight of cryogenic fuel tanks is a key objective for future aerospace transportation systems. The applicability of lightweight carbon fiber reinforced composite (CFRP) materials to such tanks has been studied [1 -4] , and a database * To whom correspondence should be addressed. E-mail: ymizutan@mes.titech.ac.jp Adv. Composite Mater., Vol. 14, No. 1, pp. 99-111 (2005) Abstract-The progression of micro-fractures in carbon fiber reinforced composite (CFRP) plates subjected to cryogenic thermal shock was studied by acoustic emission (AE). Thermal shocks were given by putting liquefied nitrogen into a cell mounted on the upper surface of the specimens with different matrix resins. No damage was observed in the specimen with heat-resistant resin, while three hundred AE counts were detected in the specimen with conventional resin, in which many matrix cracks were observed from the small temperature differences in the wall. AE signals were classified into three fractures types, namely, delaminations and matrix and transverse cracks, by waveform characterization. Here, the three AE signal types were simulated by adiabatic thermal expansion with a pulse laser. The numbers of all three types of AE signals linearly increased with time. AEs from the matrix cracks were more frequent than those from delaminations and transverse cracks. Vertical immersion testing of the CFRP plate into liquefied nitrogen revealed only matrix cracks on the specimen surface at temperatures higher than 228 K. At 213 K, a large number of AE signals due to matrix cracks but few signals due to delaminations and transverse cracks were observed. At 77 K, a large number of AE signals due to the three types of fractures were observed.
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Reducing the weight of cryogenic fuel tanks is a key objective for future aerospace transportation systems. The applicability of lightweight carbon fiber reinforced composite (CFRP) materials to such tanks has been studied [1 -4] , and a database of the mechanical properties of CFRPs at cryogenic temperatures is being assembled [5] , though some studies on the cryogenic thermal shock resistance are reported. Progression of micro-fractures in CFRPs by cryogenic thermal shock needs to be studied using advanced non-destructive monitoring techniques.
Acoustic emission (AE) is a powerful tool for monitoring fracture progression and fracture types. Four types of fracture, such as fiber breakages, delaminations, and matrix and transverse cracks, are reported to occur and produce AE signals with different waveforms [6] . Kinjo et al. [7] studied fracture progression in tensile-loaded GFRP coupons by classifying AE signals. Computer simulation of AE signals from different types of fracture or different source locations in a distal plane have been reported [8 -10] . We simulated four types of fractures by the adiabatic thermal expansion of a pulse YAG laser. The characteristics of AE signals from different fracture types were successfully classified by this method; and we have studied the progression of fracture types in CFRP plates during inplane compression testing [11] .
In this study, the progression of fracture types in CFRP plates subjected to cryogenic shock is studied utilizing AE. The effects of both cooling temperature and temperature distribution in CFRP plates on the fracture types and progression are studied. Table 1 shows the material specifications of the two types of CFRP plates, TypesA and B, used in this study. PAN-based carbon fibers are used in Type-A specimen, while PITCH-based fibers are used in Type-B. The matrix of both specimens are thermosetting epoxy, with thermal resistance epoxy (Toho Tenax Co., Ltd., Type #133) was used for Type-A, and conventional epoxy for Type-B. The stacking sequences of both specimens are different since they are not produced in a laboratory. Figure 1 shows the experimental setup. Local thermal shock is given to the specimen by putting 250 ml of liquefied nitrogen (LN 2 ) into an aluminum cell (diameter 50 mm) mounted on the upper surface of the plate center. Temperatures at both sides of points A, B and C are monitored by thermo-couples. Internal damage due to the thermal shock was monitored by two AE sensors (PAC, type: PICO with of the mechanical properties of CFRPs at cryogenic temperatures is being assembled [5] , though some studies on the cryogenic thermal shock resistance are reported. Progression of micro-fractures in CFRPs by cryogenic thermal shock needs to be studied using advanced non-destructive monitoring techniques. Acoustic emission (AE) is a powerful tool for monitoring fracture progression and fracture types. Four types of fracture, such as fiber breakages, delaminations, and matrix and transverse cracks, are reported to occur and produce AE signals with different waveforms [6] . Kinjo et al. [7] studied fracture progression in tensile-loaded GFRP coupons by classifying AE signals. Computer simulation of AE signals from different types of fracture or different source locations in a distal plane have been reported [8 -10] . We simulated four types of fractures by the adiabatic thermal expansion of a pulse YAG laser. The characteristics of AE signals from different fracture types were successfully classified by this method; and we have studied the progression of fracture types in CFRP plates during inplane compression testing [11] .
SPECIMENS AND EXPERIMENTAL METHOD
In this study, the progression of fracture types in CFRP plates subjected to cryogenic shock is studied utilizing AE. The effects of both cooling temperature and temperature distribution in CFRP plates on the fracture types and progression are studied. Table 1 shows the material specifications of the two types of CFRP plates, TypesA and B, used in this study. PAN-based carbon fibers are used in Type-A specimen, while PITCH-based fibers are used in Type-B. The matrix of both specimens are thermosetting epoxy, with thermal resistance epoxy (Toho Tenax Co., Ltd., Type #133) was used for Type-A, and conventional epoxy for Type-B. The stacking sequences of both specimens are different since they are not produced in a laboratory. Figure 1 shows the experimental setup. Local thermal shock is given to the specimen by putting 250 ml of liquefied nitrogen (LN 2 ) into an aluminum cell (diameter 50 mm) mounted on the upper surface of the plate center. Temperatures at both sides of points A, B and C are monitored by thermo-couples. Internal damage due to the thermal shock was monitored by two AE sensors (PAC, type: PICO with 

